Abstract Effects of acute hypocapnia on respiratory timing (inspiratory and expiratory times (Ti, TE)) and on inspiratory activities of the efferent superior laryngeal (Xsl), hypoglossal (XII), and phrenic (Phr) nerves were studied in artificially ventilated vagotomized, and anesthetized rats. Hyperventilation induced a decrease in respiratory frequency exclusively due to prolongation of TE and resulted in expiratory apnea. Inspiratory activities of three nerves decreased with reduction in C02 concentration of end-tidal gas (FETco2), and disappeared simultaneously at a threshold FETCO, for apnea. The decrease in the peak inspiratory activity by hypocapnia was larger in the XII than in the Phr or Xsl nerve (XII>Phr>Xsl).
Among many respiratory stimuli, carbon dioxide is the most important factor for regulating respiratory rhythm and for controlling neural signals to the respiratory muscles. We have previously demonstrated that the increase in the Inspiratory neural activity by high C02 is not similar among various efferent respiratory nerves (FUKUDA and HONDA, 1982a, b) . In the anesthetized rat with intact vagus nerves, inspiratory activities of the efferent vagal (superior laryngeal (Xsl)) and hypoglossal (XII) nerves innervating the upper airway respiratory muscles remained unchanged in hypocapnia which consistently increased the phrenic (Phr) discharge and respiratory frequency (FUKUDA and HONDA, 1982a) . Follow-and Y. HONDA ing bilateral vagotomy, the XII and Xsl inspiratory discharges become augmented by high C02, but there were extreme quantitative differences in the C02-inspiratory activity responsiveness between the XII, Xsl, and Phr nerves (FUKUDA and HONDA, 1982b) . Recently WEINER et al. (1982) found that hypercapnia induced different changes in the inspiratory activity between the XII, recurrent laryngeal and Phr nerves of the dog. These observations indicate that various groups of inspiratory output neurons in the bulbo-pontine respiratory complex may be differentially stimulated by excitatory signals from the central (C02-) chemosensor.
A decrease in the C02 stimulus, on the other hand, reduces inspiratory neural activities and interrupts the generation of respiratory rhythm (hypocapnic apnea). In the present experiments on the artificially ventilated rat we recorded the inspiratory discharges of the Xsl, XII, and Phr nerves during passive hyperventilation until apnea ensued. The purpose of the study is firstly to observe effects of hypocapnia on the respiratory phase relation (inspiratory and expiratory times (Ti and TE)) and secondly to confirm whether changes in the inspiratory activity due to reduced C02 stimulus are also different among these three respiratory nerves.
METHODS
Eleven male albino rats (Wistar strain) weighing 250-450 g were anesthetized with halothane (induction 2.5 %, maintenance 0.9-1.1 %). The animal was placed on a stereotaxic frame in supine position and a tracheal cannula (polyethylene tubing) was inserted caudal to the larynx. The recurrent laryngeal nerves were separated and sectioned bilaterally before tracheostomy. The open end of the tracheal cannula was connected to a T-or Y-shaped adaptor through which a halothane-O9 mixture was given via one axis from an anesthesia equipment (FUKUDA et al., 1982) . To avoid possible influences on respiratory timing via vagal pulmonary afferents of changing the rate or depth of artificial ventilation, experiments were done on the vagotomized rat. After bilateral vagotomy in the mid cervical region, 5-7 mm caudal to the nodose ganglion, the animal was immobilized by pancuronium bromide (Mioblock®, Organon, 0.1 mg/kg, i.v., every 1 hr) for artificial ventilation with a respirator (Narishige Scientific, Tokyo, Type AR-2). Respiratory gas was continuously sampled through a stainless steel tube (internal diameter, 0.5 mm) placed in the trachea and the C02 fraction of end-tidal gas (FETCO,, %) was monitored by an infrared absorption analyzer (San-Ei Instruments, Tokyo, 1H21) (FUKUDA et al., 1982) . The FETCO, was initially controlled at a level of about 6.1 % (range, 5.5-7.2 %), the value measured in the spontaneously breathing vagotomized anesthetized rat, by adjusting the rate of respirator at a constant stroke volume (2.0-3.0 ml). All experiments were performed under hyperoxic conditions. Body temperature was kept constant at 37.7±0.2°C by using an electric heating pad and a precision temperature regulator with a thermistor probe placed in the rectum.
The Phr, Xsl, and XII (ascending branch) nerves were sectioned unilaterally, and the efferent respiratory neural activities were recorded from the central cut end of whole nerves by bipolar silver electrodes in warm mineral oil. Inspiratory discharges of the Xsl nerve initiate the contraction of the cricothyroid muscle (glottis dilator), and the XII nerve activity contributes to the forward protrusion of the tongue and to the dilation of pharyngeal space which are important in preserving upper airway patency during inspiration. Action potentials were amplified and fed into a band pass filter (50-5,000 Hz), a half wave rectifier and then a leaky integrator (time constant, 0.02 sec). FETCO, and integrated neural activities were registered on a pen recorder.
The FETCO2 was reduced from a control value of 6.1±0.6% (mean±S.D.) to a level at which hypocapnic apnea occurred by increasing the rate of respirator at a constant stroke volume (2.0-3.0 ml). Slow but sustained hypocapnia often induced intractable irregular and high frequency respiratory rhythm (hypocapnic polypnea) which, when occurring, could not be ceased even in extreme hypocapnia (FETCO2 2.0-3.0 %). Therefore we reduced the FETCO, from a control value to the apneic threshold level within 3-4 min, and changes in neural activities in three respiratory nerves (C02-"off" response) were analyzed.
RESULTS

1) Changes in respiratory timing
In the present experiments, Inspiratory activities synchronized with the Phr discharge were always recorded from the XII and Xsl nerves. During passive hyperventilation, both the respiratory frequency (f) and Inspiratory activities of three nerves decreased progressively with decrease in the FETCO, (Figs. 1 and 2). The reduction in f was small until the FETCO2 reached a level of about 5 %, but f fell off sharply with further decrease in FETCO2. Hypocapnic apnea appeared at the FETCO, level of 4.4±0.5% (mean ±S.D., n=11). For analyzing changes in respiratory timing, Ti and TE were measured from the Phr nerve recording (integrated activity). The Ti was defined as the duration of time from the onset to the peak Phr inspiratory activity. Respiratory cycle duration (TTot) was the time from the onset to the next onset of the Phr discharge, and TTot-TI gave the TE. As can be seen in Fig. 2 and Table 1 , reduction in f was mainly due to extreme prolongation of TE with only slightly lengthened Ti resulting in expiratory apnea. The ratio of Ti to TTot (TI/TTot, an index of "respiratory timing") was decreased by hypocapnia, which indicated disproportional changes in Ti and TE. In previous papers (FUKUDA and HONDA, 1982a, b) we noticed remarkable time lags in the onset of inspiratory activity between the Xsl, XII, and Phr nerves, i.e., the start of the Xsl and XII inspiratory activities preceded the onset of Phr discharges. When the FETCO2 was decreased, such temporal differences became less prominent 
2) Changes in inspiratory activities
The peak inspiratory activity of three nerves decreased linearly with reduction in the FETCO, (Fig. 2) . In the case of the Xsl nerve, however, the peak activity decreased significantly at FETCO, levels lower than 5.5 %. Among three nerves, the XII nerve showed the largest reduction in the peak activity and the Xsl nerve the least (Table 2) . At average FETC O 2 of 4.5+0.5% which was slightly higher than the threshold for apnea, 68 % of the control activity remained in the Xsl nerve whereas the XII and Phr nerve activities decreased to 34 and 56 % of respective control values. Although the peak activity decreased differentially in the XII, Xsl, and Phr nerves, none of three nerves ceased inspiratory firing earlier than the other before FETCO2 reached the threshold for apnea (simultaneous disappearance). In Table 2 was expressed as percentage change per 1 % reduction in FETCO2. The XII nerve exhibited the largest C02-"sensitivity" and the average dependency to C02 of the Xsl nerve was less than that of the Phr nerve. The result indicated that inspiratory activity responses to diminished FETCO2 differ quantitatively in various respiratory nerves. This was completely compatible with the previous observation on the spontaneously breathing vagotomized rat that the sensitivity of C02-inspiratory activity response was in the following order; the XII larger than the Phr or Xsl (XII>Phr>Xsl) (FUKUDA and HONDA, 1982b) .
DISCUSSION
General. We investigated the respiratory phase relation and inspiratory discharges of three respiratory nerves while reducing the C02 stimulus which seemed to influence the bulbo-pontine respiratory complex mainly via the central (C02-) chemosensor. Ablation by coagulation or local cooling of the ventral medullary chemosensitive area abolishes completely the ventilatory or Phr activity responses to C02 (CHERNIACK et al., 1979; SCHLAEFKE et al., 1979) . Inspiratory discharges of various efferent nerve fibers are expected to reflect the overall state of firing in the different groups of inspiratory output neurons, i.e., the XII or Xsl motoneurons in the medulla oblongata and the spinal cord Phr motoneurons (or the Phr driving medullary neurons) which are commonly governed by a primary respiratory rhythm generator. Since relatively well preserved activity of three respiratory nerves disappeared simultaneously at the threshold FETCO2 for apnea, a rapid reduction in C02 stimulus might be more critical for generating respiratory rhythm than for maintaining the excitability of inspiratory output neurons. In general, hypocapnia increases the excitability of the central nervous neurons, e.g., Phr motoneuron (GILL and KUNO, 1963) .
Respiratory timing. The decrease in FETCO2 initiated marked prolongation of TE and the expiratory apnea. Although some investigators found that changes in the C02 stimulus caused little or no change in TE in the vagotomized animals (MISEROCCHI and MILIC-EMILI, 1975; SHANNON, 1976; WIDDICOMBE and WINNING, 1974) , the present result supports previous observations that the change in f by C02 stimulus in vagi denervated as well as intact animals is exclusively due to alteration in TE (GAUTIER et al., 1973; LEDLIE et al., 1981) . The explanation for these different changes in TE of various studies is not apparent because data were obtained in different species of animals and under various anesthetic conditions. EYZAGUIRRE and TAYLOR (1963) showed that inspiratory fibers in the Phr and recurrent laryngeal nerves lost their activity in low C02. The expiratory activity of the latter nerve fibers, on the other hand, increased in response to low C02 and became tonically active when hypocapnic apnea was induced. A similar response to low C02 was recorded from the brain stem respiratory neurons (BASTEL, 1967; COHEN, 1968; FALLERT et al., 1977) . These observations indicate that hypocapnia causes expiratory apnea. Accordingly the reduction in C02 stimulus (via central chemosensor) seems to play an important role in the process of termination of expiration or of expiratory-inspiratory phase switching. The process of inspiratory off-switching, on the other hand, was thought to be little affected by hypocapnia because changes in TI were small. When the function of the central chemosensor was blocked by applying local anesthetic (procaine) on the ventral medullary surface layer, expiratory neurons in the deeper medulla either fired continuously or decreased firing whereas inspiratory neurons were greatly inhibited or ceased firing (SCHWANGHART et al., 1974) , which shows that the loss of central chemosensor activity may produce expiratory apnea. However, nothing is known of actions of central chemosensor afferents on the neural mechanism responsible for termination of expiration.
Inspiratory activity. Hypocapnia decreased the inspiratory discharge of three respiratory nerves. The peak activity of the Xsl nerve was, however, relatively well preserved in low FETco2. The XII nerve, on the other hand, showed the largest reduction in activity during hypocapnia. There are evidences showing that the C02 stimulus induces a larger change in phasic XII nerve (or genioglossus muscle) inspiratory activities than that in the Phr (or diaphragmatic) discharges (BROUILLETTE and THACH, 1980; WEINER et al., 1982) . In the dog the phasic XII nerve activity disappeared more quickly than that of the Phr burst during hyperventilation (WEINER et a!., 1982) . These data suggest that the response of the XII motoneurons to C02 stimulus is quantitatively different from that of the Phr motoneurons or of the Phr driving medullary neurons in that recruitment or rate of discharge of neurons differs between two neuron groups. The Xsl motoneurons seem to be less influenced by changes in C02 stimulus than the XII or Phr motoneurons. Decrease in the number of activated neurons or in the rate of discharge of the Xsl motoneurons may be small in hypocapnia. Although MITCHELL and HERBERT (1974) found that excitatory synaptic inputs to the medullary inspiratory neurons are increased with high C02 and diminished with lowered C02, little is known of the neural pathways between the central chemosensor and the XII or Xsl inspiratory output neurons. It is uncertain whether the excitatory signal from the central chemosensor is routed via the rhythm generator (MITCHELL and BERGER, 1981; MITCHELL and HERBERT, 1974) or if it affects respiratory neurons directly (BAINTON and KIRKWOOD, 1979) .
Respiratory motor control in the upper airway (summary). The following discussion which is schematically illustrated in Fig. 3 , summarizes the present series of experiments (present study and our previous observations (FUKUDA and HONDA, 1982a, b) ) in an attempt to understand the respiratory motor control in the upper airway. In the rat, alveolar ventilation which is predominantly controlled by f (FUKUDA et al., 1982) depends on the presence of vagal afferents. Furthermore inspiratory activities of the XII and Xsl nerves and their increase in hypercapnia are more strongly inhibited by vagal afferents than those of the Phr nerves (FUKUDA and HONDA, 1982b) . In the vagi intact rat, therefore, the bulbopontine respiratory complex regulates the output neural signals in such a way that the respiratory machinery operates to maintain adequate pulmonary ventilation via controlling f and the Phr activity with minor activities for controlling respiratory muscles in the upper airway (Fig. 3A) . A decrease in the alveolar ventilation due to strong reduction in! and augmentation of the XII or Xsl inspiratory activity in normo-and hypercapnia ensue from bilateral vagotomy (FUKUDA and HONDA, 1982b) . These changes in respiratory pattern are ascribed to the interruption of the pulmonary stretch receptor afferents responsible for HeringBreuer inflation reflex (WIDDICOMBE, 1964) . A similar condition may occur even in the vagi intact animal when the upper airway is obstructed, for example by relapse of the tongue due to diminution of the genioglossus muscle activity (BROUILLETTE and THACH, 1980; REMMERS et al., 1978) . The airway obstruction prevents lung inflation and may inhibit the initiation of impulses in the pulmonary stretch receptors, the situation being analogous to the vagotomized state. Consequently increased inspiratory activities especially of the XII nerve, which are Japanese Journal of Physiology Fig. 3 . Input-output relationship of respiratory control system in the rat (a simple model).
Solid arrows indicate neural outputs (respiratory frequency (f) and inspiratory activity) from the respiratory complex ("center"). Thickness of arrows represents relative magnitude of outputs. Open arrows indicate two major inputs (CO2 stimulus and vagal pulmonary afferents) to the respiratory complex. rhythm, a respiratory rhythm generator; Xsl, vagal (superior laryngeal) efferent activity; XII, hypoglossal efferent activity; Phr, phrenic nerve activity. See text for explanation.
intensified by accumulation of C02 during obstruction, protrude the tongue forward and open the pharyngeal space. Thus the central respiratory mechanism seems to initiate predominant motor activities in the upper airway muscles allowing adequate passage of air through the pharyngolaryngeal spaces (Fig. 3B) . This may be an important physiological mechanism of releasing the upper airway closure.
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